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E-mail address: kohki_ishikawa@ajinomoto.com (KThe crystal structure of Biﬁdobacterium longum phosphoketolase, a thiamine diphosphate (TPP)
dependent enzyme, has been determined at 2.2 Å resolution. The enzyme is a dimer with the active
sites located at the interface between the two identical subunits with molecular mass of 92.5 kDa.
The bound TPP is almost completely shielded from solvent except for the catalytically important
C2-carbon of the thiazolium ring, which can be accessed by a substrate sugar through a narrow fun-
nel-shaped channel. In silico docking studies ofB. longum phosphoketolase with its substrate enable
us to propose a model for substrate binding.
Structured summary:
MINT-7985878: PKT (uniprotkb:Q6R2Q7) and PKT (uniprotkb:Q6R2Q7) bind (MI:0407) by X-ray crystal-
lography (MI:0114)
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction compared with other TPP containing enzymes such as transketol-Phosphoketolase is a prominent thiamine diphosphate-depen-
dent (TPP) enzyme in sugar metabolism, and is a key enzyme of
two pathways. One pathway is the phosphoketolase pathway of
obligatory and facultative heterofermentative lactic acid bacteria,
and the other is the fructose-6-phosphate (F6P) shunt pathway
of biﬁdobacteria [1]. Classiﬁcation of phosphoketolase follows
substrate preferences, EC 4.1.2.9 when speciﬁcity is for xylulose
5-phosphate (X5P), and EC 4.1.2.22 when both X5P and F6P are
accepted [2]. Phosphoketolase from Biﬁdobacterium longum which
is analyzed in this paper, accepts both X5P and F6P, and so is clas-
siﬁed as EC 4.1.2.22. The enzyme catalyzes the two reactions,
where X5P and F6P are used as a substrate, respectively [3], as
shown in Fig. 1a.
In Biﬁdobacterium, phosphoketolase is almost exclusively used
for glucose metabolism by metabolizing both F6P and X5P, and
the activity serves as a taxonomic tool in the identiﬁcation of the
genus [4–6]. But phosphoketolase has been little studied since its
distribution in the natural world is not very widespread whenchemical Societies. Published by E
e diphosphate; F6P, fructose-
(2-hydroxyethyl)-1-piperazi-
root mean square deviation;
. Ishikawa).ase. Among the crystal structures deposited in the protein data
bank, transketolase’s from Saccharomyces cerevisiae (PDB:1GPU)
and Escherichia coli (PDB:2R8P) show only 17% sequence identity
with phosphoketolase [7,8]. Both phosphoketolase and transketol-
ase require TPP and a bivalent cation for catalytic activity [9], and
the same substrates are metabolized [10–12]. Therefore, their
active site structures are expected to be similar despite the low
sequence identity. However, there must also be some important
changes, which should account for the difference in their catalytic
activities.
Based on the analysis of kinetics and crystal structures of the
other TPP binding enzymes, such as transketolase, the following
reaction mechanism of phosphoketolase has been proposed by
Yevenes and Frey [8,10] (Fig. 1b). First, a proton is transferred from
the side-chain carboxyl group of a conserved Glu to N10-nitrogen of
the aminopyridine ring, which aids amino-imino tautomerization
at 40-NH2, and the imino group extracts a proton from the C2-car-
bon of the thiazolium group. Then, the deprotonated C2-carbon
reacts with the C2-carbon atom of carbonyl group of the substrate
sugar, either X5P or F6P, creating a covalent bond between TPP and
the substrate. The intermediate (TPP-X5P or TPP-F6P) is converted
to 2-a,b-dihydroxyethylidene-TPP (DHETPP) after the products
GAP or E4P dissociate from the enzyme. Next, DHETPP is converted
to 2-acetyl-thiamine pyrophosphate (AcTPP) via enolacetyl-TPP
after one of the hydroxyl groups of the dihydroxyethyl group is
















































































































fructose-6-phosphate (F6P) + Pi       erythrose 4-phosphate (E4P) + acetyl-phosphate (AcP) 
xylulose-5-phosphate (X5P) + Pi      glyceraldehyde 3-phosphate (G3P) + acetyl-phosphate (AcP)
Fig. 1. The reaction mechanism of PKT. (a) Two reactions catalyzed by PKT. Both reactions produce acetyl phosphate (AcP), which is a source of ATP in Biﬁdobacterium. (b)
Reaction mechanism of PKT when F6P is used as a substrate. PKT and transketolase share the same reaction mechanism until DHETPP is produced. DHETPP is dehydrated to
produce AcTPP by PKT. As for transketolase, dihydroxyethyl is transferred to the acceptor aldose, leading to the formation of a ketose with an extended carbon skeleton. The
reactions unique to PKT are indicated by asterisks.
3856 K. Takahashi et al. / FEBS Letters 584 (2010) 3855–3861group of AcTPP to form acetyl-phosphate and TPP. In the case of
transketolase, the elimination of water from DHETPP does not
occur; instead the two-carbon unit is transferred to the acceptor
aldose, leading to the formation of a ketose with an extended
carbon skeleton [8].
Recently phosphoketolase has been exploited in the fermenta-
tion of L-Glu by industry. In the conventional method, 1 mol of
L-Glu is synthesized from 1 mol of glucose at a cost of 1 mol of
CO2, using the glycolytic system and TCA cycle. In these systems,
glucose is converted into pyruvate, which is then converted into
acetyl-CoA by pyruvate dehydrogenase. The reaction of pyruvatedehydrogenase releases CO2 as a waste-product. To decrease the
emission of CO2, an innovative pathway involving phosphoketolase
was installed in the L-Glu producing strain of Corynebacterium Glu-
tamicum [13]. Since F6P, a substrate of phosphoketolase, is located
upstream of pyruvate in the glycolytic pathway, the CO2-releasing
pyruvate dehydrogenase reaction is bypassed in the innovative
pathway. Furthermore, the strain with the gene encoding phospho-
ketolase actually produced a larger amount of L-Glu with less CO2
emission, compared to the conventional strain [13].
In this paper, we report the 2.2 Å crystal structure of B. longum
phosphoketolase with TPP. The phosphoketolase/TPP structure
K. Takahashi et al. / FEBS Letters 584 (2010) 3855–3861 3857was subsequently used to build a model complex with F6P, which
enables us to propose a substrate binding mode.
2. Materials and methods
2.1. Expression and puriﬁcation of recombinant PKT proteins
DNA fragments encoding the full length phosphoketolase from
B. longum JCM1217 were ampliﬁed by PCR (in this paper B. longum
JCM1217 phosphoketolase is called PKT). The sense primer 50-
AGGGAATTCCATATGACGAGTCCTGTTATTGGCAC-30, and the antisense
primer 50-CCGGAATTCTTATCAATGATGATGATGATGATGCTCGTTGT
CGCCAGCGGTAG-30 were used. The ampliﬁed PCR product was
cloned into a pET24-vector (Novagen). The plasmids were trans-
formed into E. coli BL21 (DE3), colonies grown in LB/kanamycin
medium and His-Tag fusion proteins expressed by induction using
0.3 mM isopropyl-b-D-thiogalactopyranoside (IPTG).
All puriﬁcation procedures were performed at 4 C. The washed
cells were suspended in 20 mM sodium phosphate, 500 mM NaCl,
and disrupted with an ultrasonic disintegrator. The extract was
centrifuged for 10 min at 19 000g. The supernatant was appliedTable 1
Data collection and reﬁnement statistics for the PKT structures. Values for the highest




Space group P21 P212121
Cell parameters (Å, ) a = 142.26 a = 83.07
b = 184.41 b = 90.13
c = 157.44 c = 221.87
a = 90.00 a = 90.00
b = 97.31 b = 90.00
c = 90.00 c = 90.00
Number of molecules
In asymmetry unit Four dimeric molecules A dimeric molecule
Wavelength (Å) 1.000000 0.978970
Solvent content (%) 56.05 44.83
Resolution (Å)





Observed reﬂections 1 504 807 865 135
Unique reﬂections 401 973 125 337
Completeness (%) 98.9 (93.4) 99.6 (97.2)
Rmerge 8.5 (29.0) 8.5 (49.0)
I/sigma 12.15 (4.58) 15.84 (4.06)
Figure of merit (resolve) 0.587
Phasing resolution (Å) 20–2.40
Reﬁnement statistics
Resolution (Å)















Main chain 22.162 32.449
Side chain 24.976 34.268
TPP 19.460 None
Water 31.480 40.781
R.M.S.D. from ideal geometry
Bonds (Å) 0.020 0.019




Outlier 0.1 1.6to a HisTrapHP column (GE Healthcare) and eluted with 350 mM
Imidazole. To decrease NaCl concentration, the protein solution
was diluted with four times its volume of 20 mM sodium phos-
phate buffer. Then the protein solution was applied to a MonoQ
column (GE Healthcare) and eluted with 50–1000 mM NaCl gradi-
ent. Finally, the protein solution was applied to a HiLoad 16/60
Superdex 200 column (GE Healthcare).
For a Single Anomalous Dispersion (SAD) experiment, seleno-
methionine (Se-Met) substituted PKT was prepared using the aux-
otrophic strain E. coli B834 (DE3), and was puriﬁed by the same
methods as the native protein.
2.2. Crystallization
Native and Se-Met substituted protein samples were stored in
20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic (pH7.0).
Crystals for the native protein were grown at 20 C from a 1:1 mix-
ture of 10 mg/ml protein solution with 10 mg/ml TPP, 4% v/v Tacs-
imate pH 5.0 (Hampton Research, HR2-825), 12% w/v polyethylene
glycol 3350. Se-Met substituted protein crystals were grown at
26 C from a 1:1 mixture of 10 mg/ml protein solution with 17%
polyethylene glycol 3350, 0.1 MMES (pH6.6), 0.2 M sodium thiocy-
anate in the absence of TPP.
2.3. Data collection, phase determination, and reﬁnement
For data collection, the crystals were transferred into a cryopro-
tectant solution composed of the mother liquor containing 15%
ethylene glycol. Crystals of the native and Se-Met substituted pro-
tein diffracted to 2.2 and 2.4 Å, on the beamline BL17A at KEK-PF
(Tsukuba, Japan).
The data collected were processed with XDS and XSCALE [14],
then an initial phase was obtained and improved by the programs
SOLVE [15] and RESOLVE [16], respectively. For model building we
used the program ARP/wARP [17], and carried out structure reﬁne-
ment using the program CCP4 REFMAC [18] and manual rebuilding
with COOT [19].
Although four dimeric molecules are contained in the asymmet-
ric unit of the native protein crystal, no non-crystallographic sym-
metry restraints were imposed. The ﬁnal structure was deposited
in the Protein Data Bank as 3AI7 for PKT. Table 1 summarizes the
statistics for data collection and reﬁnement.3. Results and discussion
3.1. Structure determination
The crystal structure of PKT was determined by SAD analysis
using the Se-Met substituted protein. Sixteen selenium positions
were found by the program SOLVE for phase determination and
then the model was built. The TPP binding site was not observed
in the electron density map, indicating that it is disordered in the
absence of TPP.
The native crystal structure was solved by molecular replace-
ment at 2.2 Å resolution using the crystal structure of the Se-Met
substituted protein reﬁned at 2.4 Å. In this native structure, the
electron density map clearly indicated the presence of TPP
(Fig. 2a), as was expected by its presence in the crystallization
buffer. Strong electron density was observed near the TPP. Through
reference to the crystal structure of transketolase [20], it was inter-
preted as a bivalent metal ion, and we assigned the ion as Ca2+.
Because no bivalent metal ion was used in puriﬁcation or crystal-
lization, we can not rule out the possibility that the electron den-
sity should be assigned as Mg2+ or Mn2+, which are also known










Fig. 2. The crystal structure of PKT. (a) TPP and Ca2+ ion are bound in the active site of PKT. The electron density is shown at 2r in a Fo  Fc map prior to the inclusion of TPP
and Ca2+. (b) The overall structure of PKT. Structure of the PKT subunit illustrating the domain organization. One subunit is color-coded red. For the other subunit, the three
domains are color-coded differently: N-terminal domain (PP domain) is blue, middle domain (PYR domain) is orange and C-terminal domain is yellow. The cofactors TPP
(carbon is light blue, oxygen is red, phosphate is orange, nitrogen is blue, sulfur is yellow, and Ca2+ ion is green) are shown as spheres.
3858 K. Takahashi et al. / FEBS Letters 584 (2010) 3855–3861since the reﬁnement based on the assignment as Ca2+ resulted in
the most plausible B-factor value (12.9 Å2) in comparison with
those of the surrounding atoms (16.1 Å2; the average of the B-fac-
tor values for atoms within 5 Å from Ca2+).
3.2. Overall structure of PKT
An inspection of the crystal structure revealed that the asym-
metric unit contains four dimeric molecules, which can be super-
imposed with a root mean square deviation (R.M.S.D.) value of
0.46 Å for 813 Ca. PKT is a dimeric molecule where the twofold re-
lated active sites are located between different domains of the two
subunits (Fig. 2b). Residues from both subunits build up the active
sites and are involved in binding the cofactor TPP. Therefore, the
dimer is the functional unit of PKT [3,21]. The 813 amino acids of
the subunit are folded into three domains. The N-terminal domain
(residues 2–378) and the middle domain (residues 379–612) inter-
act with the cofactor TPP. The C-terminal domain is composed of
residues 613–814. PKT shows 17.1% sequence identity to transke-
tolase from E. coli (PDB:2R8P) [8]. In the same manner as PKT,
transketolase is a TPP dependent enzyme in sugar metabolism,
and uses F6P and X5P as substrates [11,12]. We compared the
3D-structures using the Protein Structure Alignment function in
the Maestro program [22], and derived the corresponding se-
quence alignment, which conﬁrms residue conservation in key
areas such as the TPP binding site (Fig. 3a). The structures of PKT
and transketolase were superimposed based on the above align-
ment, and are shown as side-by-side representation in Fig. 3b.Although PKT has some extra moiety, the architectures of the
two enzymes are similar despite their low sequence identity.
3.3. TPP binding site
TPP is bound in a domain fold common to other TPP-dependent
enzymes [23]. As previously mentioned, TPP molecules are located
in the interface of the two subunits, forming two topologically
equivalent active sites. TPP binds in a deep cleft, with only the
C2-carbon being accessible from solvent. In TPP dependent en-
zymes, TPP is bound in the V conformation [24,25]. This can be de-
scribed with the torsion angles uT from the four atoms C(50)–
C(3,50)–N(3)–C(2), and uP from the atoms N(3)–C(3,50)–C(50)–
C(40). The uT and uP angles are 98.5 and 63.2, respectively, in
the average of the eight TPP molecules that derive from four di-
meric PKT molecules in the asymmetric unit. These angles are dif-
ferent from those found in the crystal structure of free TPP [26,27],
but are very similar to those found in the other TPP binding en-
zymes whose crystal structures are known.
The diphosphate group of TPP is bound to theN-terminal domain
of one of the two subunits, and the aminopyrimidine ring binds in a
cavity between the N-terminal domain of one subunit and the mid-
dle domain of the other subunit. As already reported [23,28], the N-
terminal domain and the middle domain can be described as the PP
domain (PyroPhosphate fragment) and the PYR domain (aminoPY-
Rimidine ring), respectively. The C-terminal domain does not con-
tribute to TPP binding, and its physiological role is yet to be




Fig. 3. Comparison between PKT and transketolase. (a) Structure-based sequence alignment of PKT and transketolase. Residues in green boxes are conserved between the two
sequences. The a-helices and b-strands are shown by red bars and blue arrows, respectively. The beginning of each domain is indicated by an arrow above the sequence. Red
and blue triangles indicate residues involved in TPP binding and potential F6P binding, respectively. (b) Pairwise comparison of the PKT (left) and transketolase (right)
structures. The three domains are color-coded in the same manner as Fig. 2b: N-terminal domain (PP domain) is blue, middle domain (PYR domain) is orange and C-terminal
domain is yellow. In the case of transketolase, the three domains are divided as previously reported [33].
K. Takahashi et al. / FEBS Letters 584 (2010) 3855–3861 3859transketolase could form a binding site for regulatory molecules
[20].
The PYR domain has a Glu residue conserved in most TPP-
dependent enzymes (e.g. a-keto acid decarboxylases [29], decar-
boxylase carboligases [30] and transketolases [20,31]), of which
the side-chain forms a hydrogen bond with the N10–nitrogen of
the aminopyrimidine ring and plays a key role in activating TPP
[32] (Fig. 4). The side-chain carboxylic acid group of Glu479 that
is PKT equivalent of the conserved Glu residue forms a hydrogen
bond with the N10-atom. Replacement of Glu479 with Asp in PKT
resulted in complete loss of the enzymatic activity for F6P, which
was measured according to Yevenes and Frey [10], suggesting the
conserved Glu is essential for the PKT activity (data not shown). Inaddition to Glu479, the carbonyl oxygen atom of the Gly155 hydro-
gen-bonds to 40-NH2.
In the N-terminal PP domain, hydrogen bonds are formed by the
side-chains of Thr67, His97, Asn215, and Lys300, and the main-
chains of Gly183, Glu184, and Tyr217, to the oxygen atoms of
the pyrophosphate. Besides TPP, one Ca2+ ion mediates contacts
between the TPP and the protein. The Ca2+ ion contacts with two
oxygen atoms of the pyrophosphate, the side-chain oxygen’s of
Asp182 and Asn215, and the main-chain carbonyl oxygen of
Tyr217. Interactions between PKT and TPP are similar to those be-
tween transketolase and TPP [33] as shown in Fig. 4. However,



































Fig. 4. Schematic diagram of interactions of TPP and cofactor binding site of PKT.
PKT residues and homologous transketolase residues are represented as green and
pink, respectively. Residues coming from the PYR domain of the second subunit are
indicated by an asterisk after the residue number. Possible hydrogen bonds are
indicated by dashed green lines. The residues involved in hydrophobic contacts are












Fig. 5. Substrate binding. A superposition of the PKT-TPP (green) and transketolase-
TPP-F6P intermediate (pink, PDB:2R8P) in the active site. For PKT, only the protein
moiety is shown. TPP-F6P is represented as thin sticks. Possible hydrogen bonds to
F6P are indicated by dashed lines. Hydrogen bonds proposed to be common to the
two enzymes are shown as blue dashed lines, while those found in only PKT and in
only transketolase are shown in green and pink, respectively.
3860 K. Takahashi et al. / FEBS Letters 584 (2010) 3855–3861The crystal structure of PKT conﬁrms the activation of TPP, pro-
posed by Yevenes and Frey [10] (Fig. 1b). First, a proton is trans-
ferred from the side-chain carboxyl group of Glu479 to N10–
nitrogen of the aminopyridine ring. In the structure of PKT, the dis-
tance between the oxygen of Glu479 side-chain and N10 is 2.7 Å.
The protonation of the N10–nitrogen assists amino-imino tauto-
merization at 40-NH2, then the imino group extracts a proton from
the C2-carbon of the thiazolium group. The V conformation of TPP
puts the 40NH2 group in a position to abstract a proton from the C2-
atom (Fig. 2a). In the structure of PKT, the distance between the
C2-carbon and the 40N-nitrogen is 3.0 Å.
3.4. Substrate binding
The C-2 carbon of TPP is exposed to the solvent, while the rest of
TPP is almost completely buried inside the protein. The substrates
of PKT, F6P and X5P, access the C-2 carbon through a narrow fun-
nel-shaped channel (ﬁgure not shown).
In order to propose the binding mode of substrates to PKT, a
model of PKT with a TPP-F6P intermediate was predicted (Fig. 5).
We superimposed the structures of PKT with TPP and transketol-
ase with TPP-F6P (PDB: 2R8P) [8] using the Align Binding Site
function in the Maestro program (SCHRÖDINGER, LLC). This func-
tion aligned TPP and the 27 residues that are located within 5.0 Å
distance from any atom of TPP. Their active site structures were
found to be very similar, as demonstrated by an R.M.S.D value of
0.93 Å for the backbone atoms of the 27 residues. So, we simply re-
placed TPP in the structure of PKT with TPP-F6P from the structure
of transketolase to generate the docking model of PKT with TPP-
F6P.The docking model suggests that the F6P moiety forms hydro-
gen bonds with the side chains of the following eight residues;
His64, His142, His320, Ser440, Tyr501, Asn549, His553 and
Lys605. The side chains of His64, His142, His320, Ser440, and
His553 are common to PKT and transketolase. Judging from the
docking model, His64 or His320 could be a base catalyst that ex-
tracts a proton from C3-hydroxyl group of the sugar moiety of
TPP-F6P, while His142 or His553 could be an acid catalyst that
causes the elimination of water from DHETPP (Fig. 1b). It is yet
to be elucidated why the latter catalytic reaction takes place only
in PKT to give AcTPP, although both of the candidate His residues
are conserved.
In contrast, Tyr501 is replaced by Phe434 in transketolase, and
its hydrogen-bond with the substrate is lost. Similarly Asn549 is
replaced in transketolase by Asp469, but the hydrogen bond re-
mains. Lys605 is geometrically replaced by Arg358 in transketol-
ase, which is not the counterpart in the sequence alignment
shown in Fig. 3a, but results in a similar hydrogen-bond network.
In PKT Ser541 does not form a hydrogen-bond with substrate in
our model structure, whereas His461 forms a hydrogen bond in
the actual transketolase structure.
We propose that the difference in electrostatic charge at the po-
sition of Asn549 in PKT (Asp469 in transketolase) partly accounts
for the different second substrate recognition; Pi for PKT (Fig. 1b)
and phosphorylated sugar, such as D-ribose 5-phosphate, for trans-
ketolase [8,10]. It can be speculated that PKT has to eliminate the
repulsion between two negatively charged groups that would oc-
cur around Asp469 in the case of transketolase. Replacement of
Asn549 with Asp in PKT resulted in 95% reduction in the enzymatic
activity for F6P, suggesting that Asn at this position is important
for the activity of PKT (data not shown). However, the real differ-
ence between PKT and transketolase is that PKT catalyzes the elim-
ination of water from DHETPP to give AcTPP and transketolase does
not (Fig. 1b). Unfortunately, structural information currently avail-
able for PKT and transketolase is not enough to elucidate the mech-
anism of the water elimination unique to PKT. More detailed
discussion on the reaction mechanism of PKT can be done after
the advent of the crystal structures of PKT-substrate complexes
and the other intermediates, which we plan to determine in the
future.
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Phosphoketolase is an important enzyme for glucose metabo-
lism of Biﬁdobacterium. Here, we determined the ﬁrst crystal struc-
ture of phosphoketolase with TPP from B. longum (EC 4.1.2.22) at
2.2 Å, and compared it to another TPP binding enzyme, transketol-
ase from E. coli. Although the sequence identity between PKT and
transketolase is only 17.1%, the 3D-structures, especially the active
site structures, are similar. The substrate binding mode of PKT is
predicted by utilizing the crystal structure of transketolase com-
plexed with TPP-F6P [8]. From this we propose that replacement
of Asp469 in transketolase with Asn549 in PKT enhances the acces-
sibility of Pi to the active center of PKT in the last step of the enzy-
matic reaction by eliminating electrostatic repulsion. In the future,
we plan to determine the crystal structures of the reaction inter-
mediates of PKT to gain insight into the detailed reaction
mechanism.
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